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Intron maturaseDuring the evolution of eukaryotic genomes, many genes have been interrupted by intervening sequences
(introns) thatmust be removed post-transcriptionally fromRNAprecursors to formmRNAs ready for translation.
The origin of nuclear introns is still under debate, but one hypothesis is that the spliceosome and the intron–exon
structure of genes have evolved from bacterial-type group II introns that invaded the eukaryotic genomes. The
group II introns were most likely introduced into the eukaryotic genome from anα-proteobacterial predecessor
ofmitochondria early during the endosymbiosis event. These self-splicing andmobile introns spread through the
eukaryotic genome and later degenerated. Pieces of introns became part of the general splicing machinery we
know today as the spliceosome. In addition, group II introns likely brought intronmaturaseswith them to the nu-
cleus. Maturases are found inmost bacterial introns, where they act as highly speciﬁc splicing factors for group II
introns. In the spliceosome, the core protein Prp8 shows homology to group II intron-encodedmaturases. While
maturases are entirely intron speciﬁc, their descendant of the spliceosomalmachinery, the Prp8 protein, is an ex-
tremely versatile splicing factor with multiple interacting proteins and RNAs. How could such a general player in
spliceosomal splicing evolve from the monospeciﬁc bacterial maturases? Analysis of the organellar splicing ma-
chinery in plants may give clues on the evolution of nuclear splicing.
Plants encode various proteins which are closely related to bacterial maturases. The organellar genomes contain
one maturase each, named MatK in chloroplasts and MatR in mitochondria. In addition, several maturase genes
have been found in the nucleus as well, which are acting on mitochondrial pre-RNAs. All plant maturases show
sequence deviation from their progenitor bacterial maturases, and interestingly are all acting on multiple
organellar group II intron targets. Moreover, they seem to function in the splicing of group II introns together
with a number of additional nuclear-encoded splicing factors, possibly acting as an organellar proto-
spliceosome. Together, this makes them interesting models for the early evolution of nuclear spliceosomal splic-
ing. In this review, we summarize recent advances in our understanding of the role of plant maturases and their
accessory factors in plants. This article is part of a Special Issue entitled: Chloroplast Biogenesis.
© 2015 Elsevier B.V. All rights reserved.1. A short introduction to group II introns
Nuclear genomes of eukaryotes are replete with introns. Their impor-
tance for gene expression is obvious, but their evolutionary origin was
and still is a contested ﬁeld of research. Awidely accepted scenario posits
that introns invaded the eukaryotic genome early, likely upon emergence
of the eukaryotic cell itself [65]. Key players in this invasionwere group II
introns, which have been suggested to have entered the nucleus from
mitochondria: the “mitochondrial seed” hypothesis (Fig. 1; [76]). Accord-
ing to this hypothesis, the α-proteobacterial endosymbiont that evolved
into present-day mitochondria brought group II introns into the eukary-
otic host cell. These were transferred via DNA-intermediates into thelast Biogenesis.
-Linneweber),nuclear genome and spread as mobile genetic elements throughout nu-
clear chromosomes. Later, group II introns evolved into spliceosomal in-
trons as we know them today. We do not wish to gloss over the fact
that this hypothesis has been criticized, not the least since it is difﬁcult
to test experimentally, and that there are alternative explanations for
the origin of spliceosomal introns [18]. However, before we consider ev-
idence in favor of the “mitochondrial seed” hypothesis and group II in-
trons as ancestors of spliceosomal introns, we brieﬂy introduce a few
salient features of group II introns.
Almost 30 years ago group II introns were demonstrated to be auto-
catalytic RNAs, i.e. that they could splice in the absence of any protein
cofactors [96,131]. The secondary structure of typical group II introns
is characterized by six double-helical domains (DI-DVI) arising from a
central hub (Fig. 2A; [84]). These domains form a complex, globular
structure that was recently solved by X-ray crystallography [105,128].
Most important domains for catalysis are V and VI, which are at the cat-
alytic core of group II introns and co-ordinate bivalentmetal ions neces-
sary for splicing chemistry [128]. Under physiological conditions, the
prokaryoc (endo)symbiont
(proto-mitochondrion)
splicing
host nucleus
Fig. 1.Maturases and the mitochondrial seed hypothesis. A prokaryotic endosymbiont, progenitor of present-day mitochondria (orange), contained group II introns within some of its
mRNAs (solid lines with ATG start codon). The intron codes for a maturase (green) that is required for splicing of its home intron (light blue arrow). DNA fragments containing a
group II intron were transferred to the host nucleus (blue). If expressed, the intron together with its cognate maturase could spread through the host genome (dashed arrows).
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tein, termed a maturase. The maturase facilitates splicing, usually with
high speciﬁcity towards the intron in which it is encoded. Thematurase
also has reverse transcriptase activity, which is required in an RNA-
mediated mobility process called ‘retrohoming’. Retrohoming is a re-
verse splicing of the excised intron RNA into a DNA site [71]. Usually,
these sites represent intronless alleles of the same gene the intron
resides in. Remarkably, some group II introns are also capable of colo-
nizing ectopic sites, which essentially makes them mobile genetic ele-
ments [71]. Group II introns are found in all three domains of life and
are, in particular, prevalent in organelles of land plants [71]. Their role
as ancestors of spliceosomal introns is widely accepted.
2. Group II introns as ancestors of spliceosomal introns
The mobility of group II introns is one asset that makes them appeal-
ing candidates as progenitors of spliceosomal introns. In prokaryotes,
group II's are found in many bacteria and some archaea [14] but are
often found outside genes or near rho elements [30]. Importantly,
group II introns are not only mobile within a given organism, but they
have been shown to be capable of transgressing boundaries between
species and even boundaries between kingdoms. For example, sequenc-
ing analyses indicate that group II introns moved from bacteria into the
archaea Methanosarcina acetivorans and Methanosarcina mazei [103]
and a mitochondrial group II intron was transferred into the nucleus in
the monocotWashingtonia robusta and morphed into a spliceosomal in-
tron (this counts only as a trans-kingdommovement if we consider mi-
tochondria as part of the eubacterial division [69]). The latter event is
obviously signiﬁcant for the mitochondrial seed hypothesis. Transfer of
mitochondrial DNA into the nucleus has indeed been reported in many
species, including humans [104], yeast [124] and tobacco [136]. Similarly,
transfer of plastid DNA into the nucleus has been demonstrated as well,
and proceeds at extraordinarily high frequencies in both the germline
[55] as well as somatically [121]. Endosymbiotic gene transfer into the
host genome has been and still is a normality, leading to multiple chro-
mosomal integrants of organellar genomes into nuclear chromosomes
[127]. Genes are transferred as functional units and it can be speculatedthat group II introns could remain intact after transfer as well, if their
maturases are expressed or on their own if they are capable of autocata-
lytic splicing. Indeed, the bacterial group II intron LtrB introduced in par-
allel with its cognate maturase LtrA into the yeast nucleus was spliced
efﬁciently both after export of the pre-mRNA to the cytosol [20] or
when forced to remain within the nucleus [98]. In sum, the transfer
event itself as proposed by the mitochondrial seed hypothesis is a likely
event.Moreover, group II introns togetherwith theirmaturase can be ac-
tive and functional in a eukaryotic genome.
Further support for the hypothesis that group II introns were the
progenitors of spliceosomal introns comes from analyses of their splic-
ing chemistry. The splicing of group II introns ismediated via two trans-
esteriﬁcation reactions and the excision of the intron as a lariat RNA
[148]. In fact, it was noted early on after the discovery of autocatalytic
introns that these processes are identical to the splicing of spliceosomal
introns in eukaryotic pre-RNAs [19,112]. This similarity promptedmore
detailed mechanistic analyses that conﬁrmed the indistinguishable cat-
alytic mechanism between the two intron types. Both splicing mecha-
nisms use an adenosine residue as a 2′ hydroxyl nucleophile in a
single-nucleotide-bulge from a helical region for the ﬁrst chemical
step of the splicing reaction, leading to the release of the 5′-exon. In
the second step, the 3′ OH of the cleaved 5′ exon is the nucleophile
and attacks the 3′-splice site, resulting in exon ligation and the excision
of the intron RNA as a lariat [94,109]. Reactants and products of each re-
action step are the same as is the stereochemical course of the reac-
tions [87,93,120]. Importantly, even the divalent metal ion
interactions with selected oxygens in the phosphodiester bonds are
identical.
Given the chemical and structural similarities between these two ri-
bonucleoprotein machineries, it was argued that group II intron ele-
ments may be able to complement spliceosomal RNAs and that
components of the spliceosome, in particular the snRNAs, may be able
to complement group II intron mutants. Indeed, a conserved region of
the spliceosomal U5 snRNA was used to successfully replace an exon
binding site within a group II intron in vitro [51]. Similarly, DV in
group II introns is functionally equivalent to an U6 snRNA stem-loop
in the spliceosome [1,56,64,77,95,115,142]. Both DV and U6 stem-
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Fig. 2. Group II intron secondary structure and schematic representation of maturase protein structures. (A) As an example for the secondary structure of a plant mitochondrial group II
intron, the Arabidopsis thaliana nad1 intron 4 is illustrated schematically within this ﬁgure. Each subdomain of DI and DII, DIII, DIV, DV and DVI is outlined within the structure. The con-
served bulged-A residue in DVI, the exon–intron binding sites (i.e. EBS1/IBS1 and EBS2/IBS2), and tertiary interactions between different intron regions (indicated by roman letters) are
shown in the model structure. The ORF encoding theMatR protein in nad1 intron 4 is encoded in intron domain IV. The structure of nad1 intron 4 was modeled based on the proposed
conserved structural features of different group II intron types in bacteria, yeast and plant organelles [16]. Like other mitochondrial introns in angiosperms, nad1 intron 4 belongs to
the subgroup IIA [13]. The putative secondary structure of the introns was generated by the prediction algorithms MFOLD [146] and alifold [54], based on the known nad1 intron 4 se-
quences found in various plant species for which complete mitochondria sequences are available (NCBI Organelle Genome Resources). (B) Plant genomes encode six proteins that are
closely related to group II intron maturases. These include matK in trnK in the plastids, the mitochondrial matR ORF encoded in nad1 intron 4, and four nuclear encoded maturases
(nMAT 1-to-4). The typical reverse-transcriptase (RT), RNA binding and splicing domain (X) and the DNA binding/endonuclease domain (D/En) are illustrated schematically in each pro-
tein. The mitochondrial targeting signals (TSs) are shown in the nuclear encoded proteins.
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active site of the spliceosome [40,64,116,141]. The recent progress in
structural analyses of group II introns has now established the function-
al equivalence of D5 and U6 aswell as that of other conserved sequence
elements [105,128].In sum, the striking similarities between the two intron systems is
consistent with the hypothesis that an ancestral group II intron invaded
the nuclear genome and broke up into small RNAs that evolved to act
in trans on other introns to facilitate their splicing. These sRNAs
were presumably the progenitors of present-day snRNAs such as U6.
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process has rarely been addressed. We shall come back to this point
after an introduction to bacterial and organellar maturases.
3. The ancestors of plant intron maturases: bacterial maturases
In eubacteria and archaea, many of the group II sequences
encode maturases in domain IV [149], whereas in higher plant organ-
elles only one plastidial intron (trnK) and a single mitochondrial
intron (the forth intron in nad1) have preserved ORFs similar to
prokaryotic-type maturases. The canonical maturase proteins, like the
well-characterized LtrA protein encoded by the Lactococcus lactis Ll.LtrB
intron, have three distinct domains (Fig. 2B): a reverse transcriptase
(RT), an RNA binding and splicing domain (X), and a DNA binding/en-
donuclease domain (D/En). The RT and D/En motifs are required for in-
tron mobility [70,71], while domain X was mainly associated with
intron recognition and splicing activities [86,88]. Together with the re-
verse transcriptase domain, domain X confers speciﬁcity to RNA recog-
nition and promotes formation of the active ribozyme structure, either
by stabilizing or nucleating secondary and long-range inter-domain
RNA tertiary contacts [27,107,137]. Loss of the reverse transcriptase or
endonuclease sequences seem common in bacteria, which probably af-
fects retrohoming but leaves splicing capability untouched [72]. Muta-
genesis screens and footprinting analyses of LtrA have identiﬁed
regions required for splicing both in the maturase as well as in the
LtrB target intron. These data suggest that an extensive protein surface
comprising the reverse transcriptase, domain X, and maybe additional
areas of the protein make contacts with a stem-loop in intron domain
IV, as well as with regions in domains I, II and VI [12,27,29,43,79,137].
Further biochemical data support a model in which LtrA binds the in-
tron as a dimer [100,107]. Together, current models suggest that LtrA's
role in promoting splicing depends on its ability to stabilize both short-
and long-distance interactions between various intron regions and
within intron domains, in particular in the large domain I of the intron
[72]. Although very limited experimental data exist, similar scenarios
are expected to apply to other group II intron-encoded maturases as
well.
4. Landplant organellarmaturases: the last survivors of the bacterial
RNA processing machinery in organellar genomes
Plant organellar RNA metabolism is characterized by a multitude of
independent RNA processing events. Plant organellar RNAs are trimmed
and cut by a variety of nucleases and are at the same time stabilized
against decay by a host of protective RNA binding proteins. In addition,
many RNAs are spliced and individual nucleotides are edited [9,48].
This complexity is rather surprising given that both chloroplasts and mi-
tochondria are derived from bacterial ancestors (cyanobacteria and α-
proteobacteria, respectively) via endosymbiosis, and prokaryotes are
known for their rather simple RNA metabolism. Many components of
RNA metabolism found in bacteria persisted in extant plant organelles,
such as exoribonucleolytic PNPase [122], endoribonucleolytic RNase E
[135], 70S ribosomes and, important for the discussion here, group II in-
trons and corresponding intron maturases. Of course, there is a variety
of add-ons that were acquired during chloroplast andmitochondria evo-
lution, including additional subunits of ribosomes [126], novel RNA poly-
merases [139], and a collection of RNA binding proteins with diverse
functions [144]. A hallmark of these novel factors, as well as of the pro-
karyotic contributions to plant organellar RNAmetabolism, is that the un-
derlying genes are found in the nucleus. In fact, all factors required for
organellar RNA processing in land plants are nuclear-encoded, with one
notable exception: both mitochondrion and chloroplast genomes harbor
a single gene each for an intronmaturase. In chloroplasts, thismaturase is
called MatK, since the gene is positioned within an intron of the trnK-
UUU gene. In mitochondria, the maturase gene is found within intron 4
of the nad1 gene and is called matR (or mat-r; for maturase-relatedprotein; [134]). Below, we summarize the current state of knowledge
for these two plant organellar maturases.
5. Chloroplast maturase MatK
5.1. Phylogeny of MatK
The chloroplast maturase MatK is one of the fastest evolving plas-
tid genes and has therefore been used widely for phylogenetic stud-
ies at the species-level [11]. Despite this apparent evolutionary
volatility, the gene has been surprisingly persistent in plants,
where it is found in all autotrophic land plant chloroplast genomes
that contain group II introns. The gene can be traced back to the ori-
gin of land plants within the basal streptophyte algae. Here, it is
found already within the trnK intron, suggesting that MatK, together
with its intron, invaded plants early in the streptophyte lineage [108,
130]. Interestingly, phylogenetic analyses indicated that MatK clus-
ters with maturases found in the mitochondria and nuclear genomes
of different plants, suggesting the possible transfer of a mitochondri-
al intron to the chloroplast in an ancestor of modern land plants and
charophyte algae [15,150]. However, as no indications exist for a
gene transfer from mitochondria to chloroplasts, and since the
branch support for the position of the matK clade was considered
weak [45], such observations should be interpreted with care.
5.2. Evidence for MatK as a general chloroplast splicing factor
In bacteria, most group II maturases are highly speciﬁc for splicing
only of their host intron RNAs. But there are exceptions that can serve
as models for how maturase-based intron-speciﬁc splicing may have
traversed the boundary towards splicing of multiple introns by onema-
chinery, i.e. spliceosomal intron splicing. In a few cases, proliferation of
an intron in bacteria led to a number of closely related introns that are
now served by only a single maturase [28,82]. More striking, recent
data indicate that MatK has expanded its target range to more distantly
related introns. Evidence for the function of MatK as a general splicing
factor is still only indirect and is summarized below.
5.2.1. matK is an essential gene
The MatK protein was identiﬁed early on as a homologue of pro-
karyotic intron maturases [90]. A role in splicing is therefore logical.
Still, up to now there is no direct genetic evidence for a role of MatK
in splicing activity of plastidial introns. Most mutational approaches
failed so far. None of the attempts to use chloroplast transformation
to disrupt the reading frame [34] or to introduce missense mutations
[145] were successful. These attempts had led to heteroplastomic
plants, i.e. a state in which the introduced mutant chromosome and
the wild-type chromosome exist side-by-side in the highly polyploi-
dy plastid genome. Complete removal of wild-type chromosomes
was not achieved so far, suggesting that the gene is essential for chlo-
roplast and plant cell survival [34,145]. Recently, a matK frame-shift
mutation was reported in the cypress Cryptomeria japonica, but
whether introns remain unspliced in this material could not be
ascertained [52]. Thus, while there have been no genetic inroads
into MatK function so far, biochemical and phylogenetic evidence
strongly supports a direct role in splicing.
5.2.2. Loss of plastid translation entails loss of a subset of splicing events
likely based on MatK activity
MatK is one of themost degeneratedmaturases found to date and has
lost the protein domains required for intron mobility [10,86], but has
retained a recognizable splicing domain X (Fig. 2B; [71]). Despite its
rapid evolution, which in fact prompted speculation that MatK is on the
way to becoming a pseudogene, its expression has been validated in
various land plants on the RNA and protein levels [10]. In mutants of
the plastid translational apparatus, which no longer can express MatK,
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group of chloroplast introns, the group IIA introns, failed to splice in
such translation-incompetent tissue as well [50,132]. The only conceiv-
able factor that would require functioning chloroplast translation for
splicing is MatK, which led to the proposition that MatK serves splicing
of all group IIA introns [132].
5.2.3. Phylogenetic evidence for MatK as a general splicing factor
In the streptophyte algae Zygnema, in the fern Adiantum capillus-
veneris and also in the parasitic land plants Epifagus virginiana, Cuscuta
exaltata, and Cuscuta reﬂexa, matK is present as a stand-alone reading
frame whereas the trnK gene has been lost [38,80,129,140]. This sug-
gests a function ofmatK in trans, most likely for splicing of other introns
in the plastid genome. This hypothesis is further supported by the few
species that have completely lost matK. Among all embryophytes ana-
lyzed, only species from the parasitic angiosperm subgenus Cuscuta
grammica and from the orchid Rhizantella gardneri have lost matK [38,
81]. These non-autotrophic plants have also lost group IIA introns
with the exception of the structurally derived and evolutionarily youn-
ger clpP-2 intron [38,81,130]. Obviously, the presence ofmatK is evolu-
tionarily linked to the presence of a cluster of group IIA introns in
strephtophytes [67]. Together, these phylogenetic analyses further sup-
port the notion that MatK is required for more than just splicing of its
cognate trnK intron.
5.2.4. Biochemical evidence for MatK as a general splicing factor
In addition to these indirect observations, more direct support for a
role of MatK in splicing comes from biochemical data on MatK RNA li-
gands. A direct association of MatK with intron RNA was ﬁrst demon-
strated by in vitro binding assays [73]. Later, a tagged version of matK
was introduced into the tobacco chloroplast genome and the gene prod-
ucts were co-precipitated with seven group IIA introns, including its
own host RNA, the trnK intron [145]. These are the same introns that
fail to splice in translation-incompetent chloroplasts (see above). To-
gether with the genetic and phylogenetic data, the biochemical ap-
proaches strongly support that MatK is involved in the splicing of
multiple chloroplast introns, all belonging to the subgroup IIA (introns
listed in Fig. 3A). Further attempts at expressing aberrant versions of
MatK or induced knock-down approaches are needed to directly
prove that this protein has indeed traversed the boundary to become
a general splicing factor.
6. The mitochondrial maturase MatR
Similarly to MatK, MatR is the only maturase-related ORF that has
retained in the mtDNAs in angiosperms. MatR is highly conserved and
is representedwithin all angiosperm lineages [2] and is therefore expect-
ed to be essential for mitochondrial group II introns splicing. Moreover,
sequencing analyses indicate various RNA-editing events, which restore
highly conserved amino acids in different plant species [123], further
indicating that matR encodes to a functional mitochondrial protein.
Despite being transcribed, there is no direct evidence thatmatR is trans-
lated into a protein that functions in splicing, mainly because
transformation methods are currently not available for mitochondria.
Using high-throughput sequencing techniques, the mtDNA and tran-
scriptome of cauliﬂower (Brassica oleracea) mitochondria (NCBI acces-
sion no. KJ820683.1) was sequenced [42]. Based on these analyses,
three synthetic peptides corresponding to amino acids 36–55, 145–161
and 512–530 (i.e. IKEEWGISRWFLEFDIRKCF, RRIDDQENPGEEASFNA and
SSEFPIKIEAPIKKILRRL, respectively) were used to generate MatR-
speciﬁc antisera. To identify the RNA ligands of MatR, a modiﬁed RIP-
chip analysis was designed [110], based on the speciﬁc antibodies raised
against Bo-MatR. The preliminary data indicate that MatR is associated
with various pre-RNAs in vivo, all belong to the group II intron class (Sul-
tan et al; Manuscript in preparation). If true, these results would make
MatR a polyvalent splice factor similar to MatK.7. Nuclear descendants of organellar maturases—the nMats
In addition to the organellar encoded maturases (i.e. MatK and
MatR), the genomes of plants also harbor several genes that are closely
related to group II intronmaturases. These are encoded in the nucleus as
standalone genes, outside the context of their evolutionary related
group II intron hosts [15,45,60,85]. In angiosperms, these include four
proteins (nMAT 1–4; Fig. 2B) that are highly conserved betweenmono-
cot and dicot species and are thus expected to retained similar functions
in all angiosperms [15,85]. GFP-assays indicated that the four nMATs in
Arabidopsis are all localized to mitochondria in vivo, while nMAT4 may
reside in the plastids as well [59,60]. The four nuclear maturases in an-
giosperms are divided into subtypes I and II, which differ in their C-
terminal domains (Fig. 2B): nMAT1 and nMAT2 belong to type I
maturases that lack the D/EN domain and instead contain degenerated
long C-termini domains, while the type II maturases, nMAT3 and
nMAT4, have both retained the three domains characteristic for model
group II intron-encoded maturases (i.e. RT, domain X and the D/EN do-
main). The precise biochemical functions of the plant nMATs in the
splicing process still need to be elucidated, but genetic studies clearly
demonstrated that these are all required for the splicing of multiple
mitochondrial-encoded group II introns in land-plants [15].
7.1. nMAT1, 2 and 4 support splicing of multiple mitochondrial mRNAs
Analyses of the RNA proﬁles associated with wild-type (Col-0) and
various nmat mutant plants established the roles of nMAT1, nMAT2
and nMAT4 in the splicing of different subsets of group II introns in
Arabidopsis mitochondria (reviewed in [15]). nMAT1 was found to be
required for the trans-splicing of nad1 intron 1, nad2 intron 1 and
nad4 intron 2 [59], while mutations in the nMat2 gene resulted in re-
duced splicing efﬁciencies of many organellar introns, but particularly
affected the splicing of nad1 intron 2, nad7 intron 1 and the single intron
in cox2 [60]. Recently, it was shown that nMAT4 is involved in the splic-
ing of three out of the four introns in nad1 (i.e. nad1 introns 1, 3 and 4),
and its activities are essential to the maturation of nad1mRNA [22].
The role(s) of nMAT3 in the metabolism of organellar transcripts in
plants remains unknown, although it is anticipated that this protein
will also function in the splicing of group II introns. GFP-assays indicate
that the nMat3 gene in Arabidopsis (At5g04050) encodes to a mito-
chondrial protein. The established activities of its three paralogs in
Arabidopsis (i.e. nMAT1, nMAT2 and nMAT4) strongly support that
nMAT3 acts in the splicing of mitochondrial introns as well. Our initial
analysis of a T-DNA insertional line in Arabidopsis (SALK-line 144082)
indicates a role for nMAT3 in the splicing or processing of several mito-
chondrial group II introns (O. Ostersetzer and G. Brown, unpublished
data). The effects of nMAT3 knockout and knockdown on the RNA me-
tabolism and the biogenesis of the respiratory system are currently
being analyzed.
7.2. The activities of the mitochondrial MAT proteins are critical to NAD1
maturation and complex I biogenesis
The nmatmutant lines in Arabidopsis show altered growth and de-
velopmental defect phenotypes, modiﬁed respiration and altered stress
responses, which are all tightly correlated to complex I defects [22,59,
60,89]. A particularly important subunit of complex I is encoded by
the nad1 gene. It has been suggested that processing of nad1 pre-
mRNAs in angiospermsmitochondriamay serve as a key step in regulat-
ing complex I biogenesis [151].
Analyses of nad1mutants in animals and algae, and recently in angio-
sperms, indicate that NAD1 ismost likely incorporated at the very earliest
stage in the complex I assembly [5,17,22,36,42,59,102]. In plants, at least
six different splicing factors are required for the excision of the four in-
trons in nad1, and in each case these involve at least one maturase pro-
tein. OTP43 [36], nMAT1 [59] and nMAT4 [143] are required for the
Fig. 3. Target introns ofMatK, nMATs together with putative nuclear-encoded co-factors. (A) Schematic representation ofMatK target RNAswith exons (ex) depicted as boxes, introns as lines.
The trans-spliced ﬁrst intron of rps12 is indicated as an interrupted, dashed line. ThematK reading frame in the trnK intron is shown as a bold line. Note that while for MatK, no direct conﬁr-
mation of a function in splicinghas beendemonstrated for the introns shownhere, all other factors have beendemonstrated genetically to be involved for splicing of these introns. Thiswas done
for CRS1, RNC1, THA8, WHY1, WTF1, mTERF4 in maize and for CRS1, THA8, RH3 in Arabidopsis [138,68,147,57,125,47], (Khrouchtchova, Monde et al. 2012). (B) Schematic representation of
nMAT target RNAs. ThematR reading frame in the fourth intron of nad1is shown as a bold line. Other symbols as in (A).
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volves both nMAT2 [60] and a CRM related protein,mCSF1 [143]. Similar-
ly, the trans-splicing of nad1 intron 3 requires mCSF1 and nMAT4 [22],
while the removal of nad1 intron 4 involves at least nMAT4 [22]. Our pre-
liminary results also indicate a role for bothMatR and nMAT3 in the pro-
cessing of several nad1 introns (unpublished). Intriguingly, this situation
may represent an evolutionary step in the gradual transition from the
monospeciﬁc maturase-facilitated splicing, as observed in bacteria, to-
wards the more general and complex spliceosomal machinery found in
the genomes of eukaryotes ([72,78]). Together, the expression proﬁles
of mitochondrial maturases and their established roles in the splicing of
complex I subunits strongly suggest that these factors have key roles for
the biogenesis of the mitochondrial complex I in plants.
7.3. The mechanistic role of nMATs in splicing
Bioinformatic analyses failed to reveal the presence of a common se-
quencemotif or conserved structural features that could explain the spec-
iﬁcities of the different nMATs to their genetically deﬁned pre-RNAs [22,
60]. Still, it was noticed that the three intron targets of nMAT1 all lack
the canonical bulged A residue [59], which is essential for the ﬁrst trans-esteriﬁcation step leading to the release of the 5′ exon. [59]. An intriguing
possibility is that nMAT1may facilitate thehydrolysis of thephosphodies-
ter bond at the 5′ splice site, an activity that may relate to its degenerated
C-terminus domain. In addition, nMATs may also recruit other proteins
required for the folding or the processing (e.g. endonucleolytic activity)
of the degeneratedmitochondrial introns in plants [13,15]. In silico analy-
ses of the model tertiary structures of nMAT1 and nMAT4, two represen-
tatives of types I and II maturases (respectively) in Arabidopsis indicate
the presence of highly positively charged surfaces that are postulated to
serve as RNA-binding modules, while uncharged or negatively charged
regions may be required for speciﬁc protein–protein interactions
(Fig. 4). Attempts to establish the ‘co-crystal structures’ of mitochondrial
group II introns with their genetically identiﬁed RNA ligands are under-
way. Similarly, co-immunoprecipitations or two hybrid screens may
lead to the identiﬁcation of proteins interacting with the nMATs and
their introns RNAs in vivo (see for example [60]).
7.4. nMATs with additional roles in mitochondrial DNA-metabolism?
In addition to splicing, the nuclear-encoded nMATs may also carry
out other essential functions in the biogenesis of plant organelles.
nMAT1 
nMAT4
side A side B
Fig. 4. Schematic representation of the putative 3D structures of plant nuclear encoded maturases (nMATs). The nuclear genomes in plants encode several proteins, which are closely re-
lated to maturases encoded within group II introns in bacteria and in fungal mitochondria. nMAT1 belongs to type I maturases, which lack the D/En (DNA binding and Endonuclease) re-
gion, while nMAT4 represents plant type IImaturases, which harbor the three domains characteristic tomodel group II intron-encodedmaturases. To get more insights into their putative
mode of action, in particular of RNA recognition, we performed an atomic model of nMAT1 and nMAT4 proteins using the ‘Protein Homology/Analogy Recognition Engine’ (Phyre) [58].
Themodel structures of nMAT1 and nMAT4were generated by the PyMol software suite [32]. Similarly to the bacterial LtrAmaturase [12], the predicted 3D structures of both nMAT1 and
4 share high similarity (conﬁdence N 98.5) with the HIV-1 reverse transcriptase (PDB c1mu2A). The color code is red for negative values, white for near zero values, and blue for positive
values.While positively charged surfaces are expected to be critical for RNA recognition andbinding, uncharged or positively charged regionsmay function in protein–protein interactions.
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plants and several CMS (cytoplasmic male sterile) lines indicated the
presence of both circular and linear DNA fragments and also revealed
an unexpected high frequency of both intra- and inter-molecular re-
combination events (reviewed by [44]). These processes are character-
istic of plant mitochondrial genetics and appear to be the basis for the
evolution of the mitochondrial DNA and the generation of new
mitotypes in plants. Yet, the identity of the factors involved in these pro-
cesses is still largely unknown. Among the important components of the
mitochondrial recombination machinery is the MSH1 protein, which
encodes a MutS-like protein [6,113,114]. In bacteria, MutS recruits an
endonuclease, theMutH protein, for DNAmismatch repair and the sup-
pression of ectopic recombination [111]. Reductions in the levels of
MutS or MutH result in increased recombination events. However,
there is no known MutH-like gene in Arabidopsis. Both MatK and
MatR lack the D/En (i.e. DNA binding and endonuclease) domains and
retained only remnants of the maturase related RT (Reverse Transcrip-
tase) motif, and are thus expected to have lost the maturase-
associated ‘retrohoming’ activities [26]. Yet, the high similarity between
nMATs proteins and bacterial group II intron-encoded ORFs [15,85]may
indicate that in addition to splicing, nMAT proteins have also retained
the homing endonucleases functions, i.e. promote RNA splicing and in-
tron mobility reactions through their ability to act not only on RNA
but also on DNA substrates. It would be therefore interesting to test
whether the nMAT proteins have also been pivotal in the evolution of
mitochondrial genome structure in plants.
8. Host-derived cofactors in splicing
In addition to the nMATs, other RNA-binding proteins were also re-
cruited to function in the splicing of organellar group II introns in angio-
sperms. Here, we list only factors that serve introns that are targeted by
maturases. For a description of the large number of additional nuclear
encoded splicing factors for non-maturase dependent introns, the read-
er is referred to recent reviews of chloroplast [31] and mitochondrial
[15] splicing.
Genetic screens generated a large amount of data regarding the roles
of nuclear-encoded factors in the splicing of plastidial introns in maize
(reviewed in [9]). Seven of these factors are required for introns that
are also associated with MatK (Fig. 3). Among these are two proteins,
RNC1 and WTF1, that co-precipitate with all the group IIA introns that
are also found as ligands of MatK [68,138]. Both proteins support splic-
ing of their intron ligands in maize [68,138]. It is tempting to speculate
that MatK, RNC1 andWTF1 form a functional complex required for rec-
ognizing the group IIA intron structure. Another two proteins, RH3 and
mTERF4 are associated with and required for splicing of a common set
of four group IIA introns [7,47]. Again, formation of a subcomplex to-
gether with MatK and also RNC1 and WTF1 seems possible. In addition
to these ﬁvemore general splicing factors, further RNA binding proteins
are necessary for splicing of speciﬁc MatK-associated introns. First, the
CRM-domain protein CRS1 is essential for splicing the atpF intron [57,
92,110,125] and second, the short PPR protein THA8 is speciﬁc for the
trnA-UGC intron [61]. Whether direct contacts exist between this set
of factors or whether the proteins are attached at different positions
within their target introns without making protein–protein contacts
still needs to be determined. Also, contacts to RNA could occur consec-
utively during the splicing process thus precluding a direct interaction
between the different proteins listed here. This is amenable to experi-
mental testing. Yeast-two hybrid experiments together with amore de-
tailed analysis of the exact intron target sequences of these proteins by
RIP-Seq or related techniques could clarify this point. In any case,
maturase-based splicing clearly requires additional nuclear-encoded
factors—it appears as if the chloroplast splicing machinery is on its
way towards a more complex machinery, a chloroplast spliceosome.
A similar situation is now starting to emerge for the mitochondrial
introns in land-plants ([15,23]). As in plastids, the mitochondrialsplicing factors also belong to a diverse set of protein families [23,15,
48]. Some, as the maturase nMAT2 [60], the RNA-helicase PMH2 [63]
and a CRM-related protein, mCSF1 [143], are required for optimal pro-
cessing of a larger set of organellar introns. Others, such as PPR
(pentatricopeptide repeat) proteins [25,36,46,66,75], mTERF (human
mitochondrial transcription termination factor) proteins [47] and
PORR (plant organellar RNA recognition) proteins [24] appear to be
more speciﬁc, inﬂuencing the splicing of a single or only a few group
II introns.
At themoment, far fewer nuclear-encoded splicing factors were iso-
lated for mitochondria than for chloroplasts. Only two of these serve in-
trons also requiring nMATs (Fig. 3B). nad1 intron 1 requires the PPR
protein OTP43 in addition to nMAT1 and nMAT4 [36]. nad1 intron 2 re-
quires nMAT2andmCSF1 for splicing and nad1 intron 3 requires nMAT4
and also mCSF1 [143]. Future experiments need to elucidate whether
these factors act together with the maturases or rather act in a consec-
utive fashion to remove their particular intron targets.
9. Why are maturase genes stuck within organellar genomes?
Unlike matR and matK, many other chloroplast and also mitochon-
drial genes have been transferred multiple times in different land
plant lineages to the nucleus [62]. As outlined above, this includes the
nMATs, which can serve organellar splicing of several mitochondrial
group II introns [22,59,60,89]. This demonstrates that maturases can
in principle be transferred to the nucleus and still function in splicing.
An important question therefore iswhymatR andmatK are evolutionary
maintained on the organellar chromosomes? As discussed above,matK
was lost only in plants that lost photosynthesis (matR has never been
lost in plant evolution). As a consequence of the loss of the ability to
photosynthesize, these species could dispense with genes coding for
components of photosynthetic machinery [67]. Together with these
genes, introns requiring MatK were lost as well. Consequently there
was no need to maintain matK, which also indicates that matK does
not serve additional functions outside of splicing. While this is evidence
that matK is essential for the expression of the photosynthetic appara-
tus, it is unclear why it could not fulﬁll this function as a nuclear
gene—just as the nMATs do (see, Section 2).
Several arguments have been put forward to explain the retention
of plastid and mitochondrial genes within organelles (summarized in
[3,8]). One of these arguments is that essential organelle-internal regu-
latory circuits would prevent gene transfer. For example, chloroplast-
borne signals, like changes of the redox balance of the electron transport
chain, have an impact on chloroplast gene expression. If such regulatory
inﬂuence is essential for adapting gene expression to photosynthesis,
the gene will be “stuck” within the organelle, a hypothesis called
CORR (co-location for redox regulation of gene expression; [4]). For ex-
ample, transcription of the psaA/B operon is under the control of the rap-
idly changing chloroplast redox state [97]. It is presumably faster and
certainly more direct to signal the redox state within the chloroplast
than to bounce it ﬁrst to the nucleus.
For organellarmaturases, there is no direct evidence for a connection
to such regulatory circuits. MatK is required for the expression of the
AtpF subunit of the ATP synthase. This enzyme complex has been pro-
posed to be under redox control [3,4] and thus MatK might participate
here in signal transduction. However, it remains to be determined
whether MatK is indeed linked to a signaling pathway and would be
for example under control of a plastid kinase.
Apart from suchmetabolic considerations, genes would also be evo-
lutionarily stuck within the organelle if their gene product interacted
with other chloroplast genes for regulatory reasons. For example, in
bacteria most of the operons for ribosomal proteins encode a regulatory
r-protein that serves as an operon-speciﬁc translational repressor.
These proteins bind to their ownmRNA and thus prevent further trans-
lation (reviewed in [91]). Similar internal connections within the chlo-
roplast have been demonstrated in Chlamydomonas chloroplasts,
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press translation of their own or related complex subunits (a phenom-
enon called control of epistasy of synthesis = CES; [21]). In addition, a
recent study in Chlamydomonas demonstrated feedback loops that af-
fect chloroplast transcription and translation [101]. For example, a neg-
ative impact of the ClpP protein on its own mRNA accumulation has
been demonstrated [101]. How prevalent such regulatory loops are in
embryophytes is not yet known.
MatK does bind to its own mRNA, speciﬁcally to the 5′-UTR and
might act as a translational repressor [49]. Similarly, the bacterial
maturase LtrA also targets the 5′-UTR and in fact thus down-regulates
its own translation [27,118]. Expression data of the MatK protein and
matK mRNA support autoregulation. In young tissue, the lowest matK
mRNA amounts are found in parallel with the highest MatK protein
levels [49]. Later in development, mRNA levels rise but protein levels
fall. Such a reciprocal relationship might well be explained by negative
translational auto-regulation and was indeed further supported by
mathematical modeling of the MatK gene expression network [49]. If
essential for MatK function, such regulatory loops would keep the
matK gene within the organelle. A proof for auto-regulation of MatK
could be attempted in an in vitro chloroplast translation system [53],
but is currently lacking.10. MatK, MatR and nMATs as missing links in the evolution of
the spliceosome
The mitochondrial seed hypothesis has gained support from the
striking similarities between group II introns and spliceosomal in-
trons, in particular spliceosomal snRNAs. In contrast, a similarly
well-supported hypothesis for the origin of the spliceosomal pro-
teins was never provided. This has changed recently with the obser-
vation that the core nuclear spliceosomal factor, Prp8 displays
homologies to group II intron maturases [33]. Prp8 is, with its
280 kDa, the largest and also most conserved protein within the
spliceosome [41]. It makes contacts with all three snRNPs involved
in splicing catalysis, i.e. U2, U5 and U6 [39]. Among its various do-
mains, a reverse transcriptase, an endonuclease domain and a do-
main X bear similarities to maturase proteins. Mutational analyses
indicate that Prp8 is essential for forming the catalytic center of the
spliceosome [74], although it does not itself contribute residues to
splicing—a job recently shown to be purely RNA-based [37]. In sum,
Prp8 is a key player in spliceosomal splicing that likely evolved
from an ancestral maturase.
One interesting open question is how a bacterial maturase was
turned into a core spliceosomal factor? After gene transfer and spread
of introns through the genome, maturase genes were present in many
introns. These were free to degenerate as long as there was one or a
few maturases capable of taking care of splicing of all introns. Concom-
itantly, some introns degenerated to evolve into the snRNPs. snRNPs
then provided the general tools for a maturase to take care of multiple
introns in trans. Such amaturase possibly co-evolvedwith snRNPs to be-
come Prp8. Likely, domains present in extant Prp8 but unknown from
bacterial maturases (like the Jab1/MPN domain) were gained later dur-
ing evolution by gene fusion or other processes [99]. Such a scenario
posits that during the evolution towards Prp8, a progenitor maturase
was likely to have expanded its intron target range. Possibly, it already
had a relaxed target speciﬁcity before transfer into the nucleus, if it
had evolved inside a proto-mitochondrion similar asMatR. Or, it gained
this ability to recognize and splice multiple introns later, within the nu-
clear genome. In any case, understanding howMatR and MatK manage
to serve multiple group II introns will help us to formulate a hypothesis
on the early events during Prp8 and thus spliceosomal evolution. Struc-
tural analyses with MatK or MatR bound to intron ligands and detailed
analyses of MatK/MatR binding sites on introns will likely help solve
this issue in the near future.Transparency document
The Transparency document associated with this article can be
found, in the online version.
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